Abstract: Nowhere has targeted therapy been more successful in the hematologic malignancy arena than chronic myelogenous leukemia (CML). By targeting the BCR-ABL fusion oncogene, the introduction of tyrosine-kinase inhibitors (TKIs) has dramatically improved the outcomes of this disease. Nilotinib is a second-generation TKI that initially gained approval for the treatment of imatinib-resistant or -intolerant disease for patients with chronic or accelerated-phase CML. Investigation in the first-line setting also demonstrated efficacy, and expanded nilotinib's approval to include therapy for patients with treatment-naïve chronic-phase CML. Data also exist for blast-phase disease, which allows nilotinib to be an option for all phases. Nilotinib's place in therapy is continuously being expanded by research in novel areas, such as post-hematopoietic stem cell transplants for prevention of relapse and in the pediatric arena. With multiple TKIs now approved for the treatment of CML, delineating the pharmacologic distinctions of nilotinib is an asset when determining therapy. By understanding the pharmacokinetics and dependence on hepatic metabolism of nilotinib, the clinician can manage the potential toxicities, interactions, and unique dosing of this drug. The recognition of mechanisms of resistance, patient adherence, and cost-effectiveness are similarly significant considerations. Actively integrating these various specifics will allow clinicians to optimize nilotinib therapy for the CML patient.
Introduction
The introduction of tyrosine-kinase inhibitors (TKIs) into the treatment of chronic myeloid leukemia (CML) has completely altered the landscape of this once life-threatening malignancy. Thirteen years after the US Food and Drug Administration (FDA) approval of the first-generation TKI imatinib, there are an additional four TKIs added to our arsenal in the treatment of CML. Understanding the place in therapy for the various agents and the clinical nuances between them is key to optimizing a patient's clinical outcome. Nilotinib is a second-generation TKI that has had an evolving role in the treatment of CML, and the specifics of its clinical impact and pharmacologic distinctions are briefly described here.
Nilotinib pharmacodynamics and pharmacokinetics
Nilotinib is an oral second-generation TKI and one of three in this class categorized with dasatinib and bosutinib. The translocation of ABL to the BCR gene, known as the Philadelphia chromosome (Ph), is the hallmark of the pathogenesis of CML. Nilotinib inhibits BCR-ABL, PDGFR, and c-Kit kinases; it is by competitively inhibiting the BCR-ABL adenosine triphosphate (ATP)-binding site that nilotinib is able to prevent tyrosine phosphorylation of downstream intracellular signal-transduction proteins. This in turn prevents cell proliferation and induces apoptosis of Ph + cells. Nilotinib is unique in that its potency is increased by a factor of 30 over imatinib due to its amplified ABL kinase selectivity and binding site affinity.
Nilotinib is administered twice daily orally. The bioavailability of nilotinib is significantly affected by food intake. Systemic exposure is increased 82% when taken 30 minutes prior to a high-fat meal compared with a fasted state. 1 Gastric pH also can affect nilotinib's absorption. An area under the curve (AUC) decrease of 34% can be seen when nilotinib is taken with drugs that elevate gastric pH. 1 Once absorbed, nilotinib is 98% serum protein-bound. It is primarily metabolized via oxidation and hydroxylation, and continues to a second phase of metabolism via the hepatic enzyme cytochrome P450 3A4 (CYP3A4). Nilotinib is eliminated in the feces, and has an approximate half-life of 17 hours. 1 Changes in renal function do not require any dose adjustments; however, no clinical studies have been performed in patients with impaired renal function. Because of nilotinib's hepatic metabolism, caution is recommended when administering nilotinib to patients with hepatic impairment. On average, higher systemic exposure after a 200 mg nilotinib dose of 18% and 23% in patients with Child-Pugh A and B impairment, respectively, were seen. 2 In another study, patients with severe Child-Pugh class C impairment, had a mean increase in AUC of 56%.
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Nilotinib in the refractory/resistant setting
Initial investigation of nilotinib's role in the clinical setting was characterized in a Phase I dose-escalation study for imatinib resistant patients. Nilotinib was determined to be active in imatinib-resistant CML in this setting. 3 Nilotinib continued to be assessed in the imatinib-resistant or -intolerant setting in two open-label, Phase II clinical trials based on the activity seen in Phase I studies. The Phase II clinical trials were twofold, examining nilotinib in specific disease phases: one trial examined nilotinib in chronic-phase disease, and the other in accelerated-phase disease. 4, 5 In the chronic-phase trial, 280 patients were given nilotinib at a dose of 400 mg twice daily. The rate of major cytogenetic response (MCyR) at 6 months was 48%, and complete CyR (CCyR) was 31%. The maintenance of a MCyR was noted in a 24-month follow-up in which 77% of responding patients were able to keep their response. Overall survival was 87% for the entire patient population. 6 In the 48-month follow-up, the overall survival rate was 78%, demonstrating nilotinib's sustained efficacy. 7 In the accelerated-phase trial, nilotinib was also given at a dose of 400 mg twice daily. An MCyR was observed in 29% of the 119 patients enrolled. Overall survival at 12 months was 79%. Because of these findings, nilotinib gained FDA approval in 2007 for CML patients with imatinib-refractory or -intolerant disease in the chronic or accelerated phase.
Nilotinib has also shown promise in blast-phase disease. 8, 9 A complete hematologic response rate of 13% and a rate of return to chronic phase of 18% in 96 patients resistant or intolerant to imatinib were observed at the 400 mg twice-daily dose. Despite evidence of activity in this setting, nilotinib is not yet approved by the FDA for this indication. Nilotinib can also be used after treatment failure with two different TKIs, lending itself to a third-line indication. 10, 11 In a study where 14 patients received nilotinib after imatinib and dasatinib, a complete hematologic response was seen in 67%, 100%, and 67% of those patients with chronic phase, accelerated phase, and blast phase, respectively. A major molecular response (MMR) was observed in 33% of those in chronic phase, though no patient obtained a MMR in accelerated-or blast-phase disease. None of the study patients discontinued nilotinib due to toxicity. These data show that especially in the chronic-phase setting, nilotinib remains a viable option after failure of two TKIs.
Nilotinib in the first-line setting
With clear evidence of nilotinib's efficacy in the setting of refractory or resistant disease, the potential role of this agent in the first-line setting was subsequently explored. A Phase II single-center trial was the first to study nilotinib in the first-line setting. At 24 months of follow-up time, 93% of patients treated with nilotinib 400 mg twice daily were able to obtain a CCyR. 12 Nilotinib was also compared to imatinib as first-line treatment in a Phase III trial performed in 846 newly diagnosed patients, titled ENESTnd (Evaluating Nilotinib Efficacy and Safety in clinical Trials -newly diagnosed patients). 13 Two doses of nilotinib were compared: 300 mg twice a day and 400 mg twice a day. The rates of MMR for both the 300 and 400 mg regimens were nearly double those of imatinib at a time point of 12 months. The rates of CCyR by 12 months were significantly higher for both doses of nilotinib than for imatinib. There was also a significant improvement seen in the time to progression to the accelerated or blast phase in the nilotinib arms compared with the imatinib arm. In June 2010, the FDA granted approval of nilotinib 300 mg twice a day in newly diagnosed chronic-phase CML 
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Nilotinib for chronic myelogenous leukemia based on results of ENESTnd. Subsequently, 1-and 3-year follow-up data have been published that also favored nilotinib in terms of MMR, complete molecular response, and fewer progressions to accelerated or blast phase. 14, 15 Even with robust and durable responses, the overall survival impact of faster and deeper molecular responses is yet to be solidified. 16 There are data, however, that early molecular responses (EMRs) with nilotinib may provide some long-term benefit. Hughes et al explored the impact of EMR on outcomes in the ENESTnd trial based on a 4-year follow-up period. 17 Results showed that fewer patients had EMR failure with nilotinib than imatinib, which led to higher rates of molecular response, a decrease in risk of progression, and higher overall survival.
Nilotinib after allogeneic transplant
Prior to TKIs, hematopoietic stem cell transplant (HSCT) was at one time the standard of care for CML patients if a human leukocyte antigen match was found. Now, HSCT is reserved for those who do not respond or show progressive disease to first-line therapy with TKIs. It is also a viable option for those with the T315I mutation and those that present in blast phase. 18 Post-HSCT, these poor-risk patients are at risk for relapse (nearly 40% in the blast phase) which invites room for improvement in this area. 19 There are data that show imatinib can play a role in the posttransplant setting to prevent relapse. 20 There are fewer data however for second-generation TKIs in this setting. Dasatinib has been described in a series of nine patients with blast-phase disease. 21 In the same report, nilotinib was used in two patients with Ph + acute lymphoblastic leukemia post-HSCT. One patient tolerated the treatment with 400 mg twice daily of nilotinib; however, the second stopped prophylaxis due to gastrointestinal intolerance. Data are still lacking post-HSCT with nilotinib in the CML setting.
Nilotinib in the pediatric setting CML is extremely rare in children, and accounts for less than 5% of all pediatric leukemias. Allogeneic transplant has historically been the gold standard of care for pediatric CML. However, with the efficacy of TKIs clearly evidenced in the treatment of adult CML, a similar shift toward TKIs as first-line therapy for pediatric CML followed. 22 Imatinib has been the most thoroughly investigated TKI in pediatric CML, with nilotinib therapy limited. 23, 24 Despite the paucity of information, understanding the emerging data regarding the use of TKIs in children can provide insight to possible pediatric considerations with this agent.
Results from pediatric patients enrolled in nilotinib's "compassionate use" program in Ph + CML and acute lymphoblastic leukemia showed a safety profile similar to that in adults. Dosing was dichotomized by weight, where patients less than 40 kg received 300 mg twice daily, while patients greater than 40 kg received the adult dose. Nine of the sixteen patients in this resistant or refractory population showed signs of clinical response, and reported adverse effects were similar to those in adults, with a reported grade 4 neutropenia, grade 3 transaminitis, and one death from disease progression. 25 A Phase I pharmacokinetic study is under way to establish pediatric dosing for nilotinib in both the newly diagnosed and refractory/resistant CML setting. The study is evaluating the safety and tolerability of nilotinib in children dosed at 230 mg/m 2 twice daily for up to 24 cycles. 26 Although only reported to date with imatinib use in children, growth failure is an important unique toxicity to consider when using TKIs in pediatric patients. It is hypothesized that there is a disruption in the growth hormone (GH): insulin-like growth factor-1 (IGF-1) axis, but the exact mechanism is yet to be clearly identified. Interruption in the signaling cascade may result in IGF-1 deficiency or alternatively there is direct inhibition at IGF-1 receptors with TKIs. 27 An animal model testing the effects of imatinib, dasatinib, and bosutinib showed similar IGF-1 deficiencies and found insulin-like growth factor-binding protein 3 (IGFBP-3) levels were significantly lower than controls for all three TKIs. 28 Children on nilotinib should be carefully monitored for signs of growth failure, and testing for serum IGF-1 may be warranted if observed. Management of this toxicity with GH therapies has not yet been investigated, although future investigation may be forthcoming. 27 
Clinical use of nilotinib (interactions and toxicities)
In all CML settings, drug interactions are of concern when initiating nilotinib therapy. As mentioned previously, drugs that increase gastric pH can decrease nilotinib's bioavailability. Proton-pump inhibitors (PPIs) suppress gastric acid secretion by inhibiting the parietal cell hydrogen potassium ATPase pump, which results in an eventual elevated gastric pH. Since the effect of PPIs is long-lasting, a separation in administration times of nilotinib and PPIs or increase in nilotinib dose is unlikely to be of benefit. Coadministration is not recommended for this reason. 1 Alternatives may include histamine antagonists or aluminum/magnesium-containing antacids. Histamine antagonists can be administered 10 hours 
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Harnicar and Mathew after or 2 hours prior to a nilotinib dose, whereas antacids can be given 2 hours prior or 2 hours postdose. 1 Other interactions are relevant, because nilotinib is metabolized in the liver, specifically through the CYP3A4 enzyme pathway. Therefore, caution should be used in patients that are on concomitant medications known to be strong inhibitors and inducers of CYP3A4, and when necessary appropriate medication adjustments should be made. 29 Ketoconazole is a potent CYP3A4 inhibitor that has been shown to increase nilotinib exposure threefold; conversely, when the potent CYP3A4 inducer rifampin is given, systemic exposure is decreased nearly 80%.
1 Due to concerns of increased toxicity or decreased effectiveness, concomitant administration with these and similar drugs should be avoided. In current clinical practice, later-generation azoles (eg, voriconazole and posaconazole) are frequently used as prophylaxis due to an increased susceptibility to fungal infections in the high-risk CML population. Although no specific study exists, concomitant therapy with these strong CYP3A4 inhibitors warrants particular attention, because they have the potential to display the same interaction as ketoconazole. An effort should be made to avoid combination of these agents with nilotinib, as there are no clinical data to determine the degree of nilotinib dose adjustment. However, if concomitant administration cannot be avoided, a consideration can be made to reduce the nilotinib dose to 300 mg once daily in patients with resistant or intolerant chronic-or accelerated-phase CML or 200 mg once daily in patients with newly diagnosed, chronic-phase disease. Because of the concern of increasing the serum concentration of nilotinib in this situation and in turn toxicities, monitoring the QT interval for prolongation and other adverse effects is crucial to prevent patient harm. 1 Among nilotinib's most concerning toxicities is QTc prolongation. Data from clinical trials have shown that an increase in QTc .60 ms from baseline was observed in over 4% of patients and a QTc of .500 ms was observed in ,1%.
1, 30 The FDA has mandated a black-box warning as a result of reports of sudden death from this toxicity. Based on over 5,000 patients in multiple clinical studies, sudden deaths with nilotinib have been reported in 0.3% of CML patients. Although the incidence of this toxicity is low, the risks associated with it require that careful precautionary measures are taken. Before nilotinib initiation, clinicians should conduct a thorough medication review and be diligent in discontinuing drugs that can prolong the QTc. Replacement by appropriate alternate therapy can be initiated after an appropriate washout period. Because of the QTc-prolongation risk, an assessment of electrolytes should be undertaken prior to initiation of nilotinib and throughout therapy. Patients with electrolyte abnormalities, specifically hypokalemia and hypomagnesemia, should have these corrected if found. QTc prolongation is a concentration-dependent toxicity. Nilotinib absorption is affected by the presence of food, which can increase nilotinib exposure compared to a fasted state. This increase in exposure can increase a patient's risk of QTinterval prolongation; therefore, it is important to counsel patients to avoid food for at least 2 hours before and 1 hour after taking nilotinib. Further monitoring for this toxicity requires an electrocardiogram. This diagnostic test should be undertaken to monitor a patient's QTc at baseline. Continued monitoring is required 7 days after initiation of nilotinib and periodically thereafter. A QTc .480 ms is the recommended threshold at which nilotinib should be held, and possible dose adjustments should be done. 1 Because of the gravity of the risk of increase in QTc, the FDA approved a Risk Evaluation and Mitigation Strategy in March 2010 for nilotinib. The goal of this program is to help reduce medication errors involving food-drug interactions as well as incorrect dosing intervals via an updated medication guide and a clinician-patient communication plan. 31 Hepatic toxicity is another concern, and monitoring is recommended to be done at least monthly; dose-adjustment guidelines exist for this toxicity, as well as for increases in serum lipase and amylase. 1 Nilotinib should be held for any grade 3 or greater hepatic toxicity until a resolution to grade 1 or less, at which point once-daily dosing is recommended. The pathogenesis of hepatic toxicity is explained in that nilotinib is a potent inhibitor of UGT1A1, a hepatic metabolism pathway for small lipophilic molecules, such as bilirubin. 32 A statistically significant increase in hyperbilirubinemia was associated with the (TA)7/(TA)7 genotype (UGT1A1*28) in a pharmacogenetic analysis of 97 nilotinib patients compared with the homozygous wild-type and heterozygous genotypes. 1 Nilotinib is also capable of causing neutropenia and thrombocytopenia. Grade 3/4 myelosuppression can occur in up to 40% of patients on nilotinib therapy, and typically occurs in the first 2-3 months. Management strategies should be instituted if myelosuppression occurs. First, clinicians should hold the drug and monitor for resolution of myelosuppression. If myelosuppression persists for more than 2 weeks after holding nilotinib, the dose should be reduced to 400 mg once daily regardless of the phase of disease. 1 Unfortunately, if these measures do not improve myelosuppression, a patient's response to therapy may be affected. 33 Dose adjustments for interactions and toxicities are outlined in Table 1 . 
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Nilotinib for chronic myelogenous leukemia
Nilotinib and comorbidities
The aforementioned nilotinib toxicities may be cause for a clinician to choose a different TKI in the comorbid patient, due to tolerability or the need for dose adjustments. For example, patients with hyperlipidemia and hypertension are predisposed to development of peripheral artery occlusive disease (PAOD). 34 A recent report retrospectively analyzed the incidence of PAOD in patients treated with nilotinib versus imatinib. 35 The relative risk of diagnosis of asymptomatic PAOD, defined as a ,0.9 ratio difference in systolic blood pressure between the upper and lower extremities, was 10.3 (95% confidence interval 3.2-61.5) for first-line nilotinib versus first-line imatinib. Therefore, caution with nilotinib use should be taken in patients with preexisting risk factors for PAOD. Conversely, there are cardiac comorbidities in which nilotinib may be a preferable agent over other TKIs. Congestive heart failure and atrial fibrillation can exacerbate pleural effusions (a pertinent side effect of dasatinib), and have been shown in multivariate results of a single-institution investigation to be risk factors of pleural effusion development in patients with CML. 36 Gugliotta et al rightly pointed out that many studies evaluating the association between comorbidities and TKI adverse effects are retrospective analyses, and expert opinion regarding available data suggest that there are no absolute comorbid contraindications to treat a patient with one TKI over another. 37 However, the authors did say with more certainty that there are data lacking on safety in comorbid 
Concomitant administration of strong CYP3A4 inhibitors
Consider dose reduction to 300 mg once daily in patients with resistant or imatinib-intolerant CML or 200 mg once daily in first-line treatment for chronic-phase CML.
Abbreviations: eKG, electrocardiogram; ANC, absolute neutrophil count; CYP, cytochrome P450; CML, chronic myeloid leukemia.
patients for dasatinib and even more so with nilotinib. Given this dearth of information, it is important for clinicians to be cognizant of patient conditions that can worsen TKI side effects, and at the same time understand that comorbidities are only one factor in selecting a TKI.
Other nilotinib considerations
Drug-resistant disease is a concern when treating CML with TKIs. Resistance can occur from disease point mutations or patient nonadherence. Point mutations can occur within any component of the BCR-ABL kinase domain: phosphate-binding (P) loop, intervening sequence, activation (A) loop, and catalytic (C) loop. 38 The T315I point mutation is of special concern, as this point mutation is resistant to all commercially available TKIs except ponatinib. Because of nilotinib's distinctive structure and fit into the active ABL kinase site, it is less predisposed to point mutations than imatinib. In spite of this, point mutations that tend to show resistance to nilotinib are Y253K, E255K, E255V, F359V, and F359C. 39 It should be taken into consideration that some mutations occur more frequently in certain disease phases. Point mutations that are relevant to nilotinib occur more frequently in accelerated-or blast-phase disease: Y253, E255, and T351. 40 Currently, mutation analysis is not routinely performed upon TKI initiation, even though the possible presence of preexisting point mutations may be alarming to the clinician starting nilotinib therapy. In clinical practice, mutation analysis is typically performed only in cases in which initial responses are deficient or after disease progression. 41 Poor patient adherence is a limiting factor with any oral therapy, and TKI therapy is no different. Imatinib data suggest an alarming amount of patients do not adhere to their treatment regimen, leading to an increase in overall health care cost. 42 Adherence may be of utmost importance with nilotinib, since nilotinib dose interruption is strongly associated with EMR failure and therefore poor long-term outcomes. 17 Studying patient adherence with nilotinib, as well as medical visits and costs, Wu et al retrospectively followed patients for 6 months after their first prescription of either nilotinib or dasatinib. 43 A total of 452 dasatinib and 69 nilotinib patients were studied. In all end points, nilotinib fared better. Nilotinib was associated with fewer inpatient days and inpatient admissions and a lower total medical costs than dasatinib. Furthermore, nilotinib patients were more likely to adhere to the treatment regimen, which is surprising, given its twice-a-day regimen. Congruent with the previous study, a UK economic analysis evaluating incremental cost-effectiveness ratios per quality-adjusted life-year illustrated that first-line nilotinib proved to be more cost-effective than first-line imatinib. 44 
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Conclusion
Nilotinib plays an integral part in the current management of CML, and has established its efficacy in both the firstand second-line settings. The continued evaluation of the strong responses seen in these areas will give clinicians a better understanding of nilotinib's place in therapy compared with other TKIs. As current data are limited, robust data are needed to continue to expand nilotinib's role in specific patient populations. The clinical considerations of nilotinib's toxicities and interactions with corresponding dose adjustments, modes of drug resistance, and patient adherence with associated costs are essential in maximizing its benefit, and will allow clinicians to optimize therapy and tailor treatment to each patient.
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